Purpose: To investigate the rod-cone and melanopsin pupillary light response (PLR) pathways in choroideremia. Methods: Eight patients with choroideremia and 18 healthy age-matched controls underwent chromatic pupillometry by applying blue (463 nm) and red light (643 nm) at 100 lux intensity to the right eye while recording pupil diameters. Absolute baseline pupil size (mm), normalized maximal pupil constriction and the early and late postillumination pupillary dilation, from 0 to 10 seconds and 10 to 30 seconds after the end of illumination, respectively, were determined. Postillumination responses to blue light were considered to be primarily driven by melanopsin activation of the intrinsic photosensitive retinal ganglion cells. Results: Baseline pupil diameters were comparable in patients with choroideremia and control subjects (p = 0.48). The maximum pupil constriction in patients with choroideremia was severely weakened in red light but only mildly weakened in blue light (p < 0.05). Postillumination dilation of the pupil was normal after red illumination but extremely protracted after blue illumination. Also, in contrast to healthy subjects, no abrupt change in the dilation curve was seen in the patients after the end of blue illumination, the early-phase dilation being completely abolished (p < 0.01). Conclusion: Rod-cone-driven pupil responses were decreased as expected in an outer retinal degeneration, and near-normal pupil constriction in blue light supports that the melanopsin system is normal. In contrast, the lack of brisk early-phase dilation after blue illumination in choroideremia is remarkable and may be interpreted to mean that the absence of photoreceptor inhibition promotes a tonic contraction of the pupil.
Introduction
Choroideremia is an x-linked recessive hereditary chorioretinal dystrophy with a prevalence of 1:50 000 to 1:100 000 (Coussa & Traboulsi 2012) . The disease is caused by mutations in CHM gene, which encodes Rab escort protein 1, a regulatory protein important for intracellular vesicle transport (Andres et al. 1993; van Bokhoven et al. 1994) . Choroideremia is characterized by progressive degeneration of the choriocapillaris, the retinal pigment epithelium and the rod and cone photoreceptors (Coussa & Traboulsi 2012) . Affected males experience night blindness from early adulthood and peripheral visual field loss somewhat later. However, the patients have preserved central vision until fifth decade, and at the end of the fourth decade typically have a bestcorrected visual acuity of 20/38 (Roberts et al. 2002) .
The melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGCs) are a subset of retinal ganglion cells, comprising only 0.2% of the total number of retinal ganglion cells. Except at the fovea, these cells are all over the inner retina with a peak concentration in the parafoveal area (Dacey et al. 2005; La Morgia et al. 2010) . The cells express melanopsin photopigment and have peak sensitivity to bright blue light, and they constitute the primary gateway for both the melanopsin-mediated and the rod-cone-mediated pupillary light reflexes (Berson et al. 2002; Guler et al. 2008) . Moreover, melanopsin-expressing ganglion cells play an important role in the entrainment of circadian and neuroendocrine rhythms to dark/ light cycles (Wong 2012; Vartanian et al. 2015) .
Pupillometry can assess the contributions of the light response pathways of the rod, cone and the melanopsin ganglion cell pathway (Ba-Ali et al. 2015) . Recent studies have shown that the postillumination pupillary response (PIPR) is reduced in autosomal dominant retinitis pigmentosa (NR2E3 mutation), type-2 diabetes, seasonal affective disorder, non-arteritic anterior ischaemic optic neuropathy and glaucoma, while the ipRGCs are spared in other diseases (Feigl et al. 2011 (Feigl et al. , 2012 Kardon et al. 2011; Kawasaki et al. 2012 Kawasaki et al. , 2014 Lorenz et al. 2012; Herbst et al. 2013; Roecklein et al. 2013; Nissen et al. 2015; Tsika et al. 2015) .
The function of ipRGCs in choroideremia has not been investigated before. A preclinical study on retinal gene therapy in a murine model with choroideremia has shown that the pupillary light response as measured with pupillometry improves after gene therapy (Black et al. 2014) . Hence, pupillometry could be used to evaluate the effect of the ongoing gene therapy trials on patients with choroideremia (MacLaren et al. 2014 ).
Objective
The objective of this study was to assess the rod, cone and the melanopsin ganglion cell response to light in choroideremia.
Subjects and Methods

Subjects
This prospective, non-randomized study was conducted in accordance with the Declaration of Helsinki and was approved by The National Committee on Health Research Ethics in Denmark. Informed written consent was obtained from each subject prior to study participation.
Eight males, ≥18 years of age, with clinically and genetically confirmed choroideremia, were enrolled between December 2015 and January 2016. Exclusion criteria were a concurrent ophthalmological condition other than pseudophakia or any systemic disease, and any medication which might affect the pupillary light reflex. The control group was recruited during the same period of time, and consisted of 18 healthy age-matched individuals without any actual or past ocular or nonocular disease who did not use any prescription medication. Both groups underwent a full ophthalmological examination including best-corrected visual acuity score determination, slitlamp examination, dilated funduscopy and intraocular pressure measurement (Goldman tonometry). Imaging studies included spectral-domain optical coherence tomography (SD-OCT) of the macula (Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany) and colour fundus photography (Topcon Retinal Camera 50DX; Topcon Corporation, Tokyo, Japan).
Pupillometry
A binocular chromatic pupillometer (DP-2000 Human Laboratory Pupillometer; NeurOptics, Inc., Irvine, CA, USA) was used to elicit and record the pupillary light response (Ba-Ali et al. 2015) . In brief, the DP-2000 pupillometer consists of a dual infrared camera system that tracks and records both pupils simultaneously. We used light stimuli of blue (463 nm) and red (633 nm). The pupillometry protocol was as follows: after 5 min of dark adaptation, the pupils were recorded during the initial 10 seconds without light exposure, followed by pupil measurement during illumination with blue light of high illuminance (100 lux) for 20 seconds. The pupil was then recorded for 40 seconds after light offset (Fig. 1) . After 5 min of pause, the same procedure was repeated with red light (100 lux). Both in patients and controls, the right eye was the stimulated eye. Pupillometry was performed over approximately 1 hr between 8 AM and 4 PM.
The raw pupil diameter (mm) as a function of time (sampling frequency 30 Hz) was imported into the statistical software package R, version 3.2.0 (R Foundation for Statistical Computing, Vienna, Austria); blink artefacts were removed using a mathematical algorithm and linear interpolation. To counteract the effect of ageing on baseline characteristics, the data were normalized to baseline (mean pupil diameter during the initial 10 seconds prior to light onset) (Muppidi et al. 2013; Adhikari et al. 2015) .
Retinal structure
Retinal layer identification was carried out manually on SD-OCT scans (Heidelberg Engineering GmbH). The imaging protocol consisted of one horizontal line scan and a dense raster scan centred at the fovea in each eye. The scans were analysed to identify retinal layers in the parafoveal retina (2 mm from fovea), where ipRGCs have their peak concentration (Dacey et al. 2005; La Morgia et al. 2010) . The following retinal layers were evaluated: inner limiting membrane, retinal nerve fibre layer, ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, The pupillary light response (PLR) to blue (463 nm, 100 lux) and red light (633 nm, 100 lux) in a patient with choroideremia (black and gray curves) and in a healthy subject (blue and red curves). On the y-axis, the pupil sixe is expressed as normalized pupil diameter, and on the xaxis, the time is given in seconds. The light ON (blue arrow) is the stimulation period (20 seconds), and the light OFF (black arrow) is the time period after light offset. The black and gray curves correspond to PLR in the choroideremia patient elicited with blue and red light, respectively. The blue and red curves correspond to PLR in the healthy subject evoked by blue and red lights, respectively.
external limiting membrane, inner segment/outer segment junction, cone outer segment tips line, retinal pigmented epithelium (RPE) and the choroid. The layers were categorized either as normal, disrupted or absent (Table 3) .
Outcomes
The primary and the secondary outcomes were calculated as relative change in relation to baseline pupil diameter during a particular time period. As stated earlier, the calculation was based on normalized data (actual pupil diameter divided by baseline pupil diameter); thus, the outcomes are dimensionless. Our primary outcome was the blue light elicited late postillumination pupil response (late PIPR), calculated as mean pupil contraction (pupil diameter À baseline pupil diameter) 10-30 seconds after stimulus offset. The late PIPR is regarded as the functional measure of ipRGCs (Gamlin et al. 2007 ). The response to red light was considered secondary.
The secondary outcomes of this study were as the following: (1) Early postillumination pupil response (early PIPR), defined as mean pupil contraction from 0 seconds after light offset to 10 seconds after light termination. Early PIPR is a mixed response of rod, cone and melanopsin photoreceptors: the rapid redilation upon stimulus offset is influenced by the rod and cone photoreceptors, the effect of which is superimposed on the sluggish response of the melanopsin pathway (Berson et al. 2002; Gamlin et al. 2007; Wong et al. 2007 ).
(2) Maximum contraction amplitude (CA max ) was calculated as the maximum pupil constriction during 4-6 seconds of the illumination. The maximum contraction amplitude to blue light is a mixed response of cone, rod and melanopsin ganglion cells, while the maximal response to red light is primarily attributed to cone activation (McDougal & Gamlin 2010; Kardon et al. 2011 ).
Statistics
Statistics were performed using SAS ENTERPRISE GUIDE 7.1 software (SAS Institute Inc., Cary, NC, USA). All outcomes were checked graphically and no major deviation from a normal distribution was detected, and t-test was applied to compare the means of outcomes between the choroid patients and the controls. However, due to the small sample in the patient group, a nonnormal distribution cannot be excluded, and for this reason, all outcomes between the two groups were compared additionally with the Mann-Whitney Utest. The p-value in this study corresponds to t-test, unless otherwise stated. A p value below 0.05 was considered significant.
Results
In the eight male patients with choroideremia and 18 healthy controls (8 males and 10 females), the patients had significantly poorer visual acuity than the controls (p = 0.005). Four patients and one healthy control had undergone cataract surgery ≥3 years earlier. One patient (P1) had light perception only in both eyes, and another patient (P4) had light perception only in his left eye (Table 1 ). The mean baseline pupil size in the patient group was 5.7 mm (range, 3.9-7.8 mm), while in controls, it was 6.0 mm (range, 4.7-7.9 mm), and no significant difference was found between the two groups (p = 0.48; Table 2 ). Pupillary light responses (PLR) to both red and blue light were present in all patients (n = 8), including P1, who had only light perception.
Pupil responses to blue light
The late PIPR is the sustained pupil light response long after termination of blue light and is regarded as the surrogate marker of melanopsin response. We found that the late PIPR to blue light was found to be 0.30 (95% CI: 0.18-0.41) in patients with choroideremia, while in controls, it was 0.12 (95% CI: 0.09-0.15); hence, the late PIPR was 144% larger in the patient group compared to the healthy controls (p = 0.008; Table 2 ). The early PIPR after blue light offset in the patient group was 0.41 (95% CI: 0.34-0.48), which was 40% greater than early PIPR in healthy subjects (mean 0.29, 95% CI: 0.27-0.32, p = 0.006).
Maximum contraction amplitude (CA max ) during blue light stimulation in patients was 0.51 (95% CI: 0.48-0.54), and in the control, it was 0.61 (95% CI: 0.59-0.62); thus, CA max in patients was 18% smaller in comparison with normal subjects (p < 0.001). The effects of age on the pupil constriction and dilation were tested, and no effect of age was found on the pupil matrices to blue light stimuli.
Pupil responses to red light
Late PIPR to red light in patients was 0.04 (95% CI: 0.02-0.07), while in controls, it was 0.03 (95% CI: 0.01-0.04), and accordingly, no significant difference between late PIPR to red light in the two groups was found (p = 0.23; Table 2 ). The mean of the red light elicited early PIPR in the patient group was 0.10 (95% CI: 0.06-0.14), which was 73% smaller in comparison with early PIPR in the control group (p = 0.0005). The contraction amplitude (CA max ) to red light in the patient group was 0.28 (95% CI: 0.18-0.38), and in the control group, it was 0.54 (95% CI: 0.51-0.57); that is, CA max with red light stimulus in the patient group was 93% smaller than CA max in healthy subjects (p = 0.0003).
All of the above outcomes were tested additionally with Mann-Whitney U-test, and no significant change was observed.
Retinal structure on SD-OCT was in agreement with the process of retinal atrophy being confined wholly or predominantly to the outer retina (Table 3) .
Discussion
This is the first study investigating the function of melanopsin-containing ipRGCs in patients with choroideremia. Despite very low vision, pupillary responses to both blue and red light stimuli were measurable in all patients using pupillometry. Our main finding was that postillumination pupillary constriction after exposure to blue light (early PIPR and the late PIPR) was enhanced in patients with choroideremia compared to healthy age-matched controls, indicating the survival of the melanopsin-expressing ganglion cells in this severe outer retinal degeneration. The maximum pupil constrictions to red and blue light stimuli were abnormally slow and weak in choroideremia. The SD-OCT showed extensive outer retinal degeneration and relatively spared inner retinal structures, which is in agreement with the pupillometry findings, that is reduced outer photoreceptor function and increased melanopsin pathway function, respectively.
The increased early PIPR and late PIPR to blue light stimuli of higher luminance may have two explanations: firstly, as mentioned earlier, the ipRGCs may not be damaged as all patients with choroideremia demonstrated sustained pupillary constriction up to 40 seconds after illumination with blue light, and the slow postillumination pupil response is an established characteristic of ipRGCs in humans and animal models (Gamlin et al. 2007 ); secondly, the PIPR after blue light stimulus offset being increased compared to controls may be interpreted as evidence of a lack of an inhibiting signal from outer retinal photoreceptors that superimpose the slow relaxation of the pupil constriction after light offset. The latter is also observed in patients with retinitis pigmentosa with complete rod-cone loss (Kardon et al. 2011) .
Previous studies have also shown that ipRGCs are relatively resistant to ILM = inner limiting membrane, RNFL = retinal nerve fibre layer, GCL = ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear layer, ELM = external limiting membrane, IS/OS = inner segment/outer segment junction, COST = cone outer segment tips line, RPE = retinal pigmented epithelium, CHO = choroid. Retinal layers were categorized as normal, disrupted or absent. The structures were evaluated 2 mm temporal to fovea. The mean (95% CI) of pupil size, maximum constriction amplitude, early and late postillumination pupil responses (PIPR) to blue and red light stimuli in patients with choroideremia and healthy controls. T-test was used to compare the outcomes between patients and controls.
ocular disease, and preserved pupillary light response has been reported in a patient despite no light perception (La Morgia et al. 2010; Kardon et al. 2011; Lorenz et al. 2012; Kawasaki et al. 2014; Zhou et al. 2014; Nissen et al. 2015) . In addition, ipRGCs show resistance to the toxic effect of N-methyl-Daspartic acid and which are known to damage other type of retinal ganglion cells (DeParis et al. 2012) . Previous pupillometry studies have reported that ipRGCs are spared in autosomal dominant optic atrophy, retinitis pigmentosa (different types), Leber's congenital amaurosis (RPE65 gene mutation) and isolated hereditary optic neuropathy (Kardon et al. 2011; Lorenz et al. 2012; Kawasaki et al. 2014; Nissen et al. 2015) . It is unknown what makes the ipRGCs resistant to degeneration. Interestingly, ipRGCs are spared in mitochondrial optic neuropathies that otherwise selectively target retinal ganglion cells (La Morgia et al. 2010; Nissen et al. 2015) . Moreover, ipRGCs have showed enhanced survival in animal models of axonal damage and optic nerve injury (Robinson & Madison 2004; Li et al. 2008 ). Different hypothesis have been suggested to explain the cellular and molecular mechanism underlying the robustness of ipRGCs to pathological and experimental damage, including reduced energy demand in ipRGCs, melanopsin-mediated protection from light damage, intraretinal axon collaterals and the neuroprotective effect of pituitary adenylate cyclase-activating polypeptide, which is only found in ipRGCs (La Morgia et al. 2010; Cui et al. 2015) . More research elucidating the defence mechanism to pathological and external damage in ipRGCs could provide knowledge to develop interventional methods in protection of other neuronal degenerative diseases.
Our findings concerning the rodcone response are comparable to previous studies, showing reduced rod and cone electroretinogram amplitudes in males with choroideremia (Sung Ji et al. 2003; Renner et al. 2006 ). In addition, our results showed that maximal pupil constrictions to both red and blue light stimuli were smaller compared to healthy controls, demonstrating the additive contributions of cones and ipRGCs to produce maximal pupil constriction (Fig. 1) . Moreover, our results confirm that cone photoreceptors adapt to continuous red light stimulus, contributing less to maintenance of pupillary constriction during prolonged light stimulation (McDougal & Gamlin 2010) .
The main limitation is the small study population in the patient group (n = 8), which increases the risk of false-positive conclusion. However, with a mean difference between the late PIPR in the two study groups of 0.17, pooled standard deviation of 0.10, the alpha level set at 0.05 and number of subjects in the patient group (n = 8) and in the control group (n = 18), the post hoc calculated power was 96%.
This study found enhanced activity of melanopsin ganglion cells in terms of increased PIPR to blue light and a reduced cone response. Evaluation of the pupillary light response by chromatic pupillometry provides an objective, easy-to-use, patient friendly and quick measurement of rod-cone and melanopsin pathway function.
